Oxidized phospholipids (OxPLs) mediate many atherogenic processes, including endothelial dysfunction, the accumulation of inflammatory cells into the vessel wall, and the uptake of oxidized low-density lipoprotein (OxLDL) cholesterol by macrophages, thereby promoting foam cell formation and atheroma growth ([@bib1], [@bib2], [@bib3]).

Phosphorylcholine (PC) is the polar headgroup of the membrane phospholipid phosphatidylcholine. It is a pro-inflammatory epitope in OxPLs that is recognized as a danger-associated molecular pattern by the innate immune system ([@bib1]). Human serum contains endogenous antibodies against oxidized epitopes, with the predominant antibody being immunoglobulin (Ig)-M antibody against PC ([@bib4], [@bib5], [@bib6]). Low levels of IgM anti-PC are associated with an increased risk of atherosclerotic cardiovascular events in different patient populations ([@bib4],[@bib7], [@bib8], [@bib9], [@bib10]). In subjects with elevated lipoprotein(a) \[Lp(a)\] and increased inflammatory activity in the arterial wall, activation of circulating monocytes by OxPLs can be inhibited by the IgM E06 antibody, the prototypic murine antibody against PC ([@bib11]). Experimental studies have indicated that this antibody blocks the scavenger receptor-mediated uptake of OxLDL on macrophages in vitro ([@bib5]), and that induction of the PC antibody formation by immunization ([@bib12],[@bib13]) or direct infusion ([@bib14]) is atheroprotective in mice. In transgenic mice, a single-chain variable fragment of E06 counteracts with OxPLs in vivo, attenuating inflammation and progression of atherosclerosis ([@bib15]). Accordingly, the available evidence suggests that OxPLs that contain PC are a risk factor for atherosclerosis-related diseases and that a therapeutic antibody against PC may represent an approach to improve coronary vascular function and attenuate atherosclerotic inflammation.

Positron emission tomography imaging with ^18^F-fluorodeoxyglucose (^18^F-FDG) is a noninvasive tool to measure inflammation in atherosclerotic lesions because ^18^F-FDG accumulates in inflammatory cells ([@bib16],[@bib17]). Coronary flow reserve (CFR) in response to vasodilator stress is an integrated measure of blood flow through both the epicardial coronary arteries and microvasculature ([@bib18]). Impaired CFR is a strong predictor of cardiovascular mortality in patients with suspected coronary artery disease ([@bib19]). Both ^18^F-FDG uptake and CFR can serve as translational tools to assess the effects of anti-atherosclerotic therapy.

In the present study, we investigated whether a novel exogenous monoclonal IgG1 antibody against PC (designated X19-mu, with similar properties to the endogenous IgM E06 anti-PC) improves vascular function and reduces atherosclerotic inflammation in hypercholesterolemic low-density lipoprotein receptor deficient mice, expressing only apolipoprotein B100 (LDLR^−/−^ApoB^100/100^). Vascular function was studied by measuring CFR in response to adenosine with Doppler ultrasound and endothelium-mediated vasodilatation in response to methacholine. Inflammation in aortic atherosclerotic lesions was determined by the uptake of ^18^F-FDG and histological stainings of inflammatory markers. The effect of human PC antibody (PC-mAb) on human aortic endothelial cells (HAECs) stimulated with Lp(a) was studied in vitro.

Methods {#sec1}
=======

X19-mu and human PC-mAb {#sec1.1}
-----------------------

The antigen-binding sequences of the X19-mu antibody were identified from a phage display library on the basis of their binding ability to PC and were converted to full IgG1 antibodies as part of the work that identified PC-mAb, a fully human monoclonal antibody against PC. This therapeutic, exogenous PC-mAb (Clone X19-A05, Athera Biotechnologies AB, Stockholm, Sweden) showed similar properties to the IgM E06 antibody in inhibiting OxLDL uptake in macrophages, binding to apoptotic cells, blocking OxLDL-induced release of monocyte chemoattractant protein 1 from monocytes, binding to inflammatory cells in human aortic atherosclerotic lesions, and preventing inflammation-driven vascular remodeling in mice ([@bib20],[@bib21]). X19-mu (Athera Biotechnologies AB) differs from the fully human PC-mAb in that it has a murine Fc fraction to lower the risk of an immune reaction to the treatment, but it has identical antigen-binding sequences. The binding affinity to PC is similar between the fully human PC-mAb and the X19-mu antibody ([Supplemental Figure 1](#appsec1){ref-type="sec"}).

Animals and interventions {#sec1.2}
-------------------------

The national Animal Experiment Board in Finland and the Regional State Administrative Agency for Southern Finland approved the studies (license ESAVI/2163/04.10.07/2015). They were carried out in compliance with European Union laws related to the conduct of animal experimentation. The animals were housed under standard conditions with a 12-h light−dark cycle with ad libitum access to water and food.

LDLR^−/−^ApoB^100/100^ mice (n = 45; strain \#003000, The Jackson Laboratory, Bar Harbor, Maine) were fed a high-fat diet (0.2% total cholesterol, TD 88137, Harlan Teklad, Harlan Laboratories, Madison, Wisconsin) for 12 weeks, starting at the age of 8 weeks, to induce atherosclerosis. After 12 weeks on the high-fat diet, 34 mice were continued on a regular chow diet; after sex and sibling matching, they were randomized to receive intraperitoneal injections containing either 0.9% saline solution as a vehicle (n = 17) or 10 mg/kg X19-mu (n = 17), once a week, for 6 weeks. A separate group of mice (n = 11) was studied at week 0, after the 12-week high-fat diet.

CFR was assessed repeatedly before and after 6 week treatments in a randomly selected, pre-specified subgroup of mice (n = 10/treatment) and also in a separate group of healthy C57BL/6 mice (n = 11; age: 6.5 months). Aortic histology and ^18^F-FDG uptake were assessed at the end of the 6-week treatments, and also at week 0, in a separate group of mice. Endothelium-mediated vasodilatory response to methacholine was studied in a separate group of atherosclerotic mice after treatment with vehicle (n = 8) or X19-mu antibody (n = 7). For euthanasia in aortic histology and ^18^F-FDG studies, mice were anesthetized with isoflurane (2% to 3% inhalation), and blood was collected by cardiac puncture followed by cervical dislocation.

Blood samples {#sec1.3}
-------------

For details of the measurement of blood glucose, lipids and X19-mu antibody levels, see the [Supplemental Appendix](#appsec1){ref-type="sec"}.

Histology and immunofluorescence {#sec1.4}
--------------------------------

The aortic root was fixed with 10% formalin, embedded in paraffin, and cut into serial 5 μm cross sections at the level of the coronary ostium. Sections were stained with Movat's pentachrome for measurement of the atherosclerotic lesion area and with Masson's trichrome (Sigma-Aldrich, St. Louis, Missouri) for quantification of lesion collagen content. Macrophages were detected by double immunofluorescence using Mac-3 antibody and either CCR2 antibody that detected M1 polarized macrophages or CD206 antibody that detected M2 polarized macrophages. Macrophage apoptosis was studied by double immunofluorescence using Mac-3 and cleaved caspase-3 antibodies. Furthermore, vascular cell adhesion molecule (VCAM)-1, intracellular adhesion molecule (ICAM)-1, interleukin (IL)-1β, and monocyte chemoattractant protein 1 were detected by immunofluorescence. The presence of PC epitope in atherosclerotic lesions was detected by immunofluorescence using the fully human PC-mAb directly labeled with Cy5 and co-stained with the Mac-3 antibody and CD31 antibody that detected endothelial cells ([Supplemental Table 1](#appsec1){ref-type="sec"}). For details, see the [Supplemental Appendix](#appsec1){ref-type="sec"}. Control stainings with nonimmune IgGs are presented in [Supplemental Figure 2](#appsec1){ref-type="sec"}.

CFR and endothelium-mediated vasodilatation {#sec1.5}
-------------------------------------------

A dedicated small animal Doppler ultrasound device (Vevo 2100, VisualSonics Inc., Toronto, Ontario, Canada) with a linear 22- to 55-MHz (MS550D) transducer was used to assess CFR as previously described ([@bib22],[@bib23]). Mice were anesthetized with an intraperitoneal injection of midazolam (8 mg/kg; Hameln Pharmaceuticals GmbH, Hameln, Germany) and ketamine (60 mg/kg; Intervet International BV, Boxmeer, the Netherlands). A tail vein was cannulated, and body temperature was maintained with a heating pad. Blood flow in the middle left coronary artery was localized under color Doppler mapping using modified long-axis views, and the flow velocity spectrum was recorded by pulsed-wave Doppler, both at rest and during infusion (maximum of 2 min) of adenosine (140 μg/kg/min; Life Medical Sweden AB, Stocksund, Sweden). Anesthesia was reversed with a subcutaneous injection of flumazenil (0.5 mg/kg; Hameln Pharmaceuticals GmbH). CFR was calculated as the ratio of the mean diastolic flow velocity during maximal adenosine-induced hyperemia to that during rest. The mice were allowed to recover for a minimum of 72 h between ultrasound and ^18^F-FDG studies.

Endothelium-mediated vasodilatation was studied by measuring arterial blood pressure response to intravenous injection of methacholine in apolipoprotein E deficient (ApoE^−/−^) mice ([Supplemental Appendix](#appsec1){ref-type="sec"}).

Stimulation of HAECs with donor-derived Lp(a) {#sec1.6}
---------------------------------------------

To study the effect of PC-mAb on endothelial nitric oxide (NO) production and inflammatory responses, HAECs were stimulated with 1 mg/ml of Lp(a) for 24 h in the presence of fully human PC-mAb or a non-specific IgG. Thereafter, cells were processed for gene expression measurements of *VCAM1*, *ICAM1*, *IL6*, and *IL8*, as well as protein measurements of IL-6 and IL-8, or lysed for measurement of intracellular nitrate reflecting NO production ([Supplemental Appendix](#appsec1){ref-type="sec"}).

^18^F-FDG uptake {#sec1.7}
----------------

The mice were fasted for 4 h, anesthetized with isoflurane, and then intravenously injected with ^18^F-FDG (11 ± 0.38 MBq) via the tail vein. At 90 min post-injection, the thoracic aorta from the sinotubular junction to the level of the diaphragm was excised and rinsed with saline. The aorta was frozen in cooled isopentane and cut into sequential longitudinal cryosections of 20 and 8 μm, which provided sections throughout the region on a single slide (n = 6 to 8 intervals per aorta). Digital autoradiography was performed using the previously described method ([@bib24],[@bib25]). Cryosections were apposed to an imaging plate (Fuji Imaging Plate BAS-TR2025, Fuji Photo Film Co., Ltd., Tokyo, Japan) for 4 h and then scanned with a Fuji Analyser BAS-5000 (internal resolution of 25 μm, Fuji). Then, sections were stained with hematoxylin and eosin (20 μm) or immunohistochemically with Mac-3 antibody (8 μm), scanned with a slide scanner, and co-registered with autoradiographs. ^18^F-FDG accumulation was measured as photo-stimulated luminescence per square millimeter in regions of interest placed on the atherosclerotic lesions (n = 22/mouse) and vessel walls without lesions (n = 16/mouse), using Tina 2.1 software (Raytest Isotopenmessgeräte, GmbH, Straubenhardt, Germany). To assess the treatment effects, the average ^18^F-FDG uptake within all atherosclerotic lesions in 20-μm sections was calculated and divided by the average uptake in lesion-free vessel walls (expressed as lesion-to-wall ratio) in each mouse. To assess the effects of treatment on ^18^F-FDG uptake in atherosclerotic lesions with different macrophage densities, percentage of Mac-3-positive staining within the lesions was measured with Image J software and compared with the ^18^F-FDG uptake (lesion-to-wall ratio) in the same lesions in 8 μm sections (n = 7 randomly chosen mice/treatment; 8 lesions/mouse) as previously described ([@bib25]). Measurement of ^18^F-FDG uptake in other organs is described in the [Supplemental Appendix](#appsec1){ref-type="sec"}.

Statistical analysis {#sec1.8}
--------------------

Results are presented as individual data points with mean ± SD, unless otherwise indicated. Data were analyzed using SPSS Statistics software 22 (IBM, Armonk, New York). Normality was examined by a Shapiro-Wilk test, and equality of variances was tested with Levene's test. Multiple comparisons were made by 1-way analysis of variance (ANOVA) followed by Dunnett's post hoc test for the week 0 group. Student's *t*-test for unpaired or paired data was used for comparisons between intervention groups. Fisher's exact test was used to evaluate histological scores. Mann-Whitney U test was applied for in vitro data analysis. Analysis of covariance was used for repeated measurements, which adjusted each subject\'s follow-up measurement according to their baseline measurement, and was used to compare CFR values. There were no differences between female and male mice, except in the ^18^F-FDG study, in which the level of ^18^F-FDG uptake was higher in females. Sex by group interaction was examined and although it was not statistically significant, group and sex were included as fixed factors in the model. Two-way ANOVA was used to compare ^18^F-FDG uptake in lesions divided into tertiles according to macrophage density. Macrophage density and treatment were included as fixed factors in the model (no interaction between macrophage density and treatment was observed). A p value of \<0.05 was considered statistically significant. Assuming an average CFR of 2.5 ± 0.3 ([@bib23]) and ^18^F-FDG uptake of 1.8 ± 0.25 ([@bib25]), sample sizes of 10 and 14 were calculated to be sufficient to detect a difference of 15% with 80% power and a type I error of 0.05, respectively.

Results {#sec2}
=======

Treatment with X19-mu was well tolerated, with the antibody remaining present in the blood until the end of the intervention; the average plasma X19-mu concentration 5 to 7 days after the last injection was 14 ± 9.8 μg/ml. One mouse was excluded due to a failure in the dosing of X19-mu (no detectable levels of X19-mu in plasma), and 1 mouse due to failure in dosing of ^18^F-FDG. Thus, the final study group consisted of 16 mice in the vehicle group and 16 mice in the X19-mu group.

As shown in [Table 1](#tbl1){ref-type="table"}, the body weights and fasting blood glucose levels were comparable between the vehicle- and X19-mu−treated groups. Compared with the mice studied at week 0, plasma levels of cholesterol, LDL, and high-density lipoprotein were lower (p ≤ 0.001) after 6 weeks on normal mouse chow in both the vehicle and X19-mu groups, with the X19-mu treatment not showing any incremental effect on lipids in comparison with vehicle.Table 1Characteristics of LDLR^−/−^ApoB^100/100^ Mice at the Time of Randomization (Week 0) and After 6-Week Treatment With Vehicle or X19-mu AntibodyWeek 0VehicleX19-muAnimals (f/m)11 (5/6)16 (8/8)16 (8/8)Body weight (g)28 ± 5.130 ± 6.030 ± 7.7Blood glucose (mmol/l)11 ± 2.710 ± 2.610 ± 2.3Total cholesterol (mmol/l)29 ± 6.78.8 ± 1.6[∗](#tbl1fnlowast){ref-type="table-fn"}9.0 ± 1.8[∗](#tbl1fnlowast){ref-type="table-fn"} LDL26 ± 6.36.8 ± 1.3[∗](#tbl1fnlowast){ref-type="table-fn"}7.0 ± 1.6[∗](#tbl1fnlowast){ref-type="table-fn"} HDL5.9 ± 2.22.6 ± 0.67[∗](#tbl1fnlowast){ref-type="table-fn"}2.8 ± 0.58[∗](#tbl1fnlowast){ref-type="table-fn"}Triglycerides (mmol/l)1.7 ± 0.521.5 ± 0.451.5 ± 0.53[^1][^2][^3][^4]

Lesion histology {#sec2.1}
----------------

All LDLR^−/−^ApoB^100/100^ mice showed prominent macrophage-rich atherosclerotic lesions in the aortic root ([Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). Compared with mice studied at week 0, the absolute lesion area in the aortic root was larger after the 6-week treatment in both the vehicle- (0.32 ± 0.23 mm^2^ vs. 0.68 ± 0.28 mm^2^; p = 0.004) and X19-mu−treated (0.32 ± 0.23 mm^2^ vs. 0.62 ± 0.28 mm^2^; p = 0.017) mice. However, the lesion areas were similar after treatment with either vehicle or X19-mu (p = 0.57).Figure 1Macrophage Proportion or Phenotype in Atherosclerotic Lesions Is Not Affected by X19-mu TreatmentAn atherosclerotic lesion from serial sections of the aortic root stained with **(A)** Movat's pentachrome, **(B)** antibodies against Mac-3 in macrophages, **(C)** CCR2 in M1 polarized macrophages, and **(D)** CD206 in M2 polarized macrophages, as well as double immunofluorescence stainings with **(E)** Mac-3 and CCR2, or **(F)** Mac-3 and CD206. The percentage of intimal area **(G)** stained with Mac-3 and the **(H)** proportions of CCR2- and CD206-positive macrophages within the Mac-3 area shown as individual data points with mean ± SD. Student's *t*-test for unpaired and paired (CCR2 vs. CD206) measurements; n = 10 to 16/staining/group. **Scale bar** = 100 μm (10 μm in inserts in **E and F**).Figure 2The Effect of X19-mu Treatment on Lesion Histology in Aortic Root Sections**(A)** Atherosclerotic lesions in the aortic root stained with vascular cell adhesion molecule (VCAM)-1 **(green)**, **(B)** intracellular cell adhesion molecule (ICAM)-1 **(green)**, **(C)** interleukin (IL)-1β **(red)**, **(D)** monocyte chemoattractant protein (MCP)-1 **(red)**, as well as **(E)** Mac-3 and cleaved caspase-3 **(yellow)**. All sections are counterstained with 4\',6-diamino-2-phenylindole (**blue**, nuclei). **(F)** Lesion collagen content is quantified from Masson's trichrome stainings **(blue)**. Quantitative results are shown as individual data points in addition to mean ± SD in histograms; Fisher's exact test for histological scores **(A and B)**, and Student's *t*-test for unpaired measurements **(C to F)**; n = 10 to 16/staining/group. **Scale bar** = 100 μm (10 μm in inserts in **E**).

At week 0, the intimal area positive for Mac-3 staining was 25 ± 8.2%. In comparison with this initial value, the intimal area positive for Mac-3 did not differ after the 6-week treatment with vehicle (19 ± 8.7%; p = 0.19) or X19-mu (19 ± 10%; p = 0.21). X19-mu treatment had no effect in comparison with vehicle (p = 0.93) ([Figure 1G](#fig1){ref-type="fig"}). The expression of the M1 macrophage marker CCR2 after vehicle treatment was comparable to that in the X19-mu−treated group (44 ± 13% vs. 43 ± 13% of the Mac-3 positive area; p = 0.87) ([Figure 1H](#fig1){ref-type="fig"}), as was the expression of the M2 macrophage marker CD206 (48 ± 26% vs. 60 ± 24% of the Mac-3 positive area; p = 0.23) ([Figure 1H](#fig1){ref-type="fig"}), which resulted in a comparable ratio of M2 and M1 macrophages (1.4 ± 1.1 vs. 1.7 ± 1.3; p = 0.55). At week 0, the percentages of M1 and M2 macrophages were 41 ± 9.2% and 50 ± 13%, respectively. These values were similar after 6-week treatment with either vehicle (p = 0.84 and p = 0.96, respectively) or X19-mu (p = 0.91 and p = 0.60, respectively).

The extent of lesion endothelium positive for VCAM-1 or ICAM-1 did not show significant differences after treatment with vehicle or X19-mu (median \[25% and 75% percentiles\] score: 2.5 \[2.0 and 3.0\] vs. 2.0 \[2.0 and 3.0\], p = 0.65 and 2.5 \[2.0 and 3.0\] vs. 2.0 \[1.0 and 2.0\]; p = 0.32) ([Figures 2A and 2B](#fig2){ref-type="fig"}, respectively). Compared with vehicle, treatment with X19-mu reduced the intimal area positive for IL-1β (24 ± 1.0% vs. 21 ± 0.83%; p = 0.044) ([Figure 2C](#fig2){ref-type="fig"}) but not for monocyte chemoattractant protein 1 (10 ± 1.0% vs. 10 ± 0.60%; p = 0.82) ([Figure 2D](#fig2){ref-type="fig"}). The number of macrophages containing cleaved caspase-3 was similar after treatment with vehicle or X19-mu (220 ± 65 cells/mm^2^ vs. 230 ± 72 cells/mm^2^; p = 0.61) ([Figure 2E](#fig2){ref-type="fig"}). The lesion collagen content was similar after treatment with vehicle or X19-mu (39 ± 5.6% vs. 40 ± 7.9%; p = 0.68) ([Figure 2F](#fig2){ref-type="fig"}).

Triple immunofluorescence staining demonstrated PC-positive staining that co-localized with Mac-3-positive macrophages within atherosclerotic lesions and CD31-positive endothelial cells covering the lesions ([Figure 3](#fig3){ref-type="fig"}).Figure 3PC Epitope Is Present in Endothelial Cells and Macrophages in Atherosclerotic LesionsRepresentative section of the **(A)** aortic root showing immunofluorescence staining with phosphorylcholine (PC) antibody (PC-mAb), **(B)** Mac-3 antibody (macrophages), **(C)** CD31 antibody (endothelial cells), and **(D)** 4\',6-diamino-2-phenylindole (DAPI, nuclei). **White arrows** indicate endothelial cells and **yellow arrows** macrophage-rich area. **(E)** PC-positive staining co-localizes with endothelial cells covering the lesion and macrophages (**white color** in merge). **Scale bar** = 75 μm. Abbreviation as in [Figure 2](#fig2){ref-type="fig"}.

X19-mu treatment preserved CFR and endothelium-mediated vasodilatation {#sec2.2}
----------------------------------------------------------------------

The CFR was measured as the ratio of coronary flow velocity in the left coronary artery during adenosine stress and rest by Doppler ultrasound ([Figure 3A](#fig3){ref-type="fig"}). Analysis of covariance for repeated measurements showed that the treatment with X19-mu was associated with a 33% improvement in CFR (p = 0.047) compared with vehicle during the 6-week study period ([Figure 4B](#fig4){ref-type="fig"}). Compared with week 0, CFR was 24 ± 20% lower after the 6-week treatment with vehicle (1.9 ± 0.29 vs. 1.4 ± 0.23; p = 0.006), whereas there was a trend toward a higher (9.0 ± 23%) CFR after treatment with X19-mu (1.6 ± 0.24 vs. 1.7 ± 0.24; p = 0.32) ([Figure 4B](#fig4){ref-type="fig"}). In healthy age-matched C57BL/6 mice, CFR was higher (2.1 ± 0.39) than in atherosclerotic mice after either vehicle or X19-mu treatment (p \< 0.001 and p = 0.003, respectively). The absolute flow velocities are shown in the [Supplemental Table 2](#appsec1){ref-type="sec"}. In a separate group of atherosclerotic ApoE^−/−^ mice, methacholine injection induced a transient reduction in arterial blood pressure (vasodilatory response) in X19-mu−treated mice, but not in the vehicle group ([Supplemental Appendix](#appsec1){ref-type="sec"}, [Supplemental Figure 3](#appsec1){ref-type="sec"}).Figure 4X19-mu Treatment Preserves CFR**(A)** Blood flow in the left coronary artery (LCA) localized under color Doppler mapping **(arrow)** and the blood flow velocity profiles recorded by pulsed-wave Doppler at rest and during adenosine infusion. Coronary flow reserve (CFR) in individual mice at week 0 and after a 6-week treatment with vehicle or X19-mu. **(B)** Compared with vehicle, the CFR adjusted by the week 0 measurement was improved (p = 0.047) after a 6-week treatment with X19-mu. Results are expressed as individual data points with mean ± SD in the histogram; analysis for covariance for repeated measurements; n = 10/group.

PC-mAb treatment preserved NO production in HAECs {#sec2.3}
-------------------------------------------------

To investigate the mechanistic effects of human PC-mAb treatment on endothelium, HAECs were stimulated with isolated Lp(a), the main carrier of PC/OxPLs ([@bib11]). In HAECs, intracellular nitrate concentration was decreased after 24-h stimulation with Lp(a) in the presence of a nonspecific IgG (median \[25% and 75% percentiles\]: 144 \[143 and 150\] pmol/×10^6^ cells vs. 118 \[117 and 123\] pmol/×10^6^ cells; p = 0.049) but was preserved in the presence of PC-mAb (135 \[133 and 172\] pmol/×10^6^ cells, p = 0.049 vs. nonspecific IgG) ([Figure 5A](#fig5){ref-type="fig"}). *VCAM1*, *ICAM1*, and *IL8* gene-expression tended to be lower in the presence of PC-mAb than nonspecific IgG but were not statistically significant. *IL6* gene-expression as well as IL-6 and IL-8 protein levels were similar in the presence of PC-mAb and nonspecific IgG antibodies ([Figure 5B](#fig5){ref-type="fig"}).Figure 5PC-mAb Treatment Preserves NO Production in Human Aortic Endothelial Cells**(A)** Intracellular nitrate reflecting nitric oxide (NO) production was significantly decreased after 24-h stimulation with lipoprotein(a) \[Lp(a)\] in the presence of a nonspecific immunoglobulin-G (IgG) but preserved in the presence of PC-mAb. **(B)** The pro-inflammatory mediators, *VCAM1*, *ICAM1,* and *IL8* gene-expression tended to be lower in the presence of PC-mAb than the nonspecific IgG antibody, but it was not statistically significant (**B**). Results are expressed as median with 25th and 75th percentiles for 3 independent experiments; Mann-Whitney U test; \*p \< 0.05. Ctrl = control; other abbreviations as in [Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}.

X19-mu treatment reduced ^18^F-FDG uptake in atherosclerotic lesions {#sec2.4}
--------------------------------------------------------------------

Autoradiography showed focal uptake of ^18^F-FDG in macrophage-rich atherosclerotic lesions within the aorta ([Figures 6A to 6C](#fig6){ref-type="fig"}). Compared with vehicle-treated mice and adjusted by sex, the average uptake of ^18^F-FDG in atherosclerotic lesions normalized to activity in the lesion-free vessel wall (lesion-to-wall ratio) was significantly lower after the 6-week treatment with X19-mu (1.7 ± 0.24 vs. 1.5 ± 0.17, p = 0.002) ([Figure 6D](#fig6){ref-type="fig"}). If analyzed separately, ^18^F-FDG uptake was reduced after X19-mu treatment in both females (p = 0.023) and males (p = 0.034) compared with vehicle ([Supplemental Figure 4](#appsec1){ref-type="sec"}). In comparison to the ^18^F-FDG uptake at week 0 in the mice fed a high-fat diet (2.3 ± 0.24), the lesion-to-wall ratios were lower after the 6-week treatment on normal mouse chow in both the vehicle- (p \< 0.001) and X19-mu−treated (p \< 0.001) groups.Figure 6X19-mu Treatment Reduces ^18^F-FDG Uptake in Atherosclerotic Lesions**(A)** A hematoxylin and eosin−stained longitudinal aortic cryosection, **(B)** corresponding autoradiograph, and **(C)** macrophage (Mac-3) staining. **Black lines** represent contours of the regions of interest defined in the atherosclerotic lesions and vessel wall without lesions. **(D)** The graph shows average 18-F-fluorodeoxyglucose (^18^F-FDG) uptake in atherosclerotic lesions (normalized by the activity of vessel wall; lesion-to-wall ratio), which was lower after a 6-week treatment with X19-mu than with vehicle. (n = 16 mice/group; mean ± SD; sex-adjusted model). **(E)** The subanalysis showed that X19-mu treatment reduced ^18^F-FDG uptake (lesion-to-wall ratios) in lesions with low, intermediate, and high macrophage density compared with vehicle. (n = 5 to 7 mice/group in each subcategory; mean ± SD; 2-way analysis for variance for the main effects of macrophage density and treatment). **Scale bar** = 0.5 mm. A = arch; AA = ascending aorta; B = brachiocephalic artery; D = descending thoracic aorta; L = lesion; LC = left common carotid artery; LS = left subclavian artery; W = wall.

The uptake of ^18^F-FDG was further compared in lesions with low (average 22%), intermediate (29%), or high (35%) density of macrophages. The^18^F-FDG uptake was gradually increased in these lesions and was highest in lesions with high density of macrophages (p = 0.039). However, X19-mu treatment reduced ^18^F-FDG uptake in lesions with low, intermediate. and high macrophage density compared with vehicle (p \< 0.001) ([Figure 6E](#fig6){ref-type="fig"}). The ^18^F-FDG uptake in other tissues is presented in [Supplemental Table 3](#appsec1){ref-type="sec"}.

Discussion {#sec3}
==========

Our results revealed that 6-week treatment with an exogenous antibody targeting PC epitope on OxPLs preserved CFR and reduced ^18^F-FDG uptake in atherosclerotic lesions in mice. These results provided evidence that the therapeutic antibody against PC had beneficial effects on coronary vascular function and inflammatory activity in the arterial wall in atherosclerosis. Furthermore, our results indicated that CFR and ^18^F-FDG PET could be used as possible surrogate markers for the efficacy of PC antibody therapy in future clinical studies.

Endothelial cell injury at early stages of atherosclerosis may lead to exposure of antigens, including OxPLs, that are normally hidden, eliciting an immune response and secretion of various disease-modifying antibodies ([@bib4],[@bib26]). Previous studies indicated that OxPLs cause endothelial dysfunction with impairment of NO-mediated vasodilatation in arterial preparations ([@bib3],[@bib27]). In patients with stable coronary artery disease, levels of the PC epitope in LDL particles were shown to be significantly related to the severity of endothelial dysfunction after lipid-lowering therapy ([@bib2]). Furthermore, a negative correlation between OxLDL levels and CFR, an integrated measure of coronary reactivity ([@bib18]), was found in young individuals with hypercholesterolemia ([@bib28]). Our results extended the previous findings by providing evidence that a therapeutic antibody against PC preserved CFR in vivo in response to adenosine in hypercholesterolemic mice that had impaired CFR, despite the absence of obstructive coronary artery disease ([@bib22]).

In HAECs stimulated with Lp(a), the main carrier of PC/OxPLs in the human plasma ([@bib11]), the PC-mAb preserved NO production compared with that of a nonspecific IgG. In vivo, the methacholine provocation test further demonstrated enhanced vasodilatory response after X19-mu treatment. We previously showed that blood pressure response to methacholine could be blocked by pre-treatment with 50 mg/kg of the NO synthase inhibitor, L-Nitro-Arginine-Methyl Ester, which indicated NO- and endothelium-mediated mechanisms ([@bib29]). These results indicated that the beneficial effects of X19-mu on CFR were at least partly mediated via direct effects on endothelial cell NO metabolism. In line with that, our immunofluorescence stainings demonstrated PC-positive staining in the aortic root sections co-localizing with endothelial cells and macrophages. Alternatively, improved vasodilatory response might be a result of an anti-inflammatory effect of X19-mu, because inflammation is well known to hamper endothelium-mediated vascular control ([@bib4]). Although it showed a modest effect, PC-mAb treatment did not lead to a statistically significant difference in the expression of pro-inflammatory mediators.

Uptake of ^18^F-FDG in atherosclerotic lesions correlates with the quantity of inflammatory macrophages with high glucose consumption ([@bib16]). Regardless of reflecting macrophage polarization ([@bib30]), it has been shown that OxLDL stimulates macrophage ^18^F-FDG uptake ([@bib31]), and that ^18^F-FDG uptake is particularly high in the early phase of foam cell formation ([@bib32]). Recently, increased ^18^F-FDG uptake in the arterial wall was found in patients with elevated Lp(a). Ex vivo experiments showed that the arterial inflammation was due to the OxPLs bound to Lp(a), because the E06 antibody prevented the pro-inflammatory effects of Lp(a) ([@bib11]). The present study demonstrated that administration of a therapeutic antibody against PC reduced ^18^F-FDG uptake in atherosclerotic lesions with different macrophage densities in vivo, which indicated reduced metabolic activity and possibly reduced anti-inflammatory effects in atherosclerosis. In line with this and a previous study ([@bib15]), IL-1β was reduced in the lesions after X19-mu treatment. However, no changes in macrophage apoptosis was observed. The absolute amount of reduction in ^18^F-FDG uptake (13%) was in line with the degree of reduction in arterial ^18^F-FDG uptake seen in clinical studies that used cholesterol lowering intervention with atorvastatin (5% to 15%) ([@bib16],[@bib17]). Previously, treatment with human recombinant IgG1 antibody against a malondialdehyde-modified ApoB100 peptide, another immunogenic epitope on OxLDL, did not reduce arterial ^18^F-FDG uptake in hypercholesterolemic minipigs ([@bib33]) or patients with stable inflammatory vascular lesions ([@bib34]). These differences can be explained by differences in PC (phospholipid) and malondialdehyde (protein) epitopes, with the former being specifically associated with OxPLs ([@bib11]) that are more prevalent in advanced, inflamed lesions ([@bib35]).

Despite reduced ^18^F-FDG uptake, we did not find a reduction in overall lesion macrophage quantity, the proportions of M1/M2 polarized macrophages, the lesion collagen content, or the atherosclerosis burden. Based on our previous validation study ([@bib24]), mice that showed extensive pre-existing atherosclerosis at the beginning of therapy were studied, and therefore, it was unlikely that major plaque regression or changes in plaque cellular composition would have occurred within short-term treatment. Previous studies indicated that a metabolic marker such as ^18^F-FDG uptake was sensitive to changes caused by short-term interventions, despite changes in plaque burden, and aortic ^18^F-FDG signal provided an independent predictor of future cardiovascular events ([@bib16],[@bib17]). There are also regional differences in the driving forces of atherogenesis in mice. Although histology was analyzed in the aortic root, ^18^F-FDG uptake was measured throughout the thoracic aorta in different regions ([@bib36]). Aortic root is the most common and validated region for atherosclerosis quantification, but also contains the most advanced lesions ([@bib36]). Finally, macrophages in the lesions were mainly of the reparative M2 type before therapy, and there was a high variation in the proportions of M1/M2 polarized macrophages between mice; therefore, we could not exclude small effects of PC antibody treatment on macrophage phenotype.

Study limitations {#sec3.1}
-----------------

We did not assess ^18^F-FDG uptake repeatedly in the same mice because high radiation exposure related to the high-resolution angiography might have influenced health of study animals, and the partial volume effects could have impaired the accuracy of quantification of the signal in the small atherosclerotic lesions in vivo ([@bib37]). Although the LDLR^−/−^ApoB^100/100^ mouse is a widely used model of atherosclerosis, with a lipid profile that closely resembles human familial hypercholesterolemia, the findings could not be directly extrapolated to humans. Because of the high variation in CFR values observed in mice in general (from 1.2 to \>2.2) ([@bib23],[@bib38]) and in individual mice in our study, larger studies are needed to confirm the magnitude of the treatment effect on coronary vascular function. The high-fat diet was discontinued at the time of intervention, to prevent the toxic effects of high cholesterol and to mimic a clinical situation, where any therapy would be prescribed on top of cholesterol-lowering intervention. Chimeric mouse-human antibody was used in this study, because of the possible risk of formation of neutralizing antibodies with a fully human antibody in mice. Saline was used as a control treatment in the in vivo study because of challenges in the production of a corresponding mouse-human chimeric IgG1 not binding to PC, as well as to reduce the risk of interference of nonspecific IgG with the naturally occurring antibody responses ([@bib26]).

Conclusions {#sec4}
===========

Six weeks of treatment with X19-mu, a chimeric IgG1 antibody against PC on OxPLs, preserved coronary artery function and attenuated uptake of ^18^F-FDG in atherosclerotic lesions in mice. The present findings provide evidence that X19-mu exerts therapeutic actions on endothelial cell function and inflammatory processes in the vessel wall, despite changes in lesion burden or cholesterol levels. Our results suggest that noninvasive imaging techniques, CFR and ^18^F-FDG PET measures, represent translational tools to assess the effects of PC-targeted therapy on vascular function and atherosclerosis in clinical studies.Perspectives**COMPETENCY IN MEDICAL KNOWLEDGE:** Pro-inflammatory OxPLs that contain PC are a risk factor for cardiovascular disease. The present study demonstrated that treatment with a therapeutic monoclonal IgG1 antibody against PC on OxPLs affected NO metabolism in endothelial cells, preserved CFR, and attenuated atherosclerotic inflammation as determined by the uptake of ^18^F-FDG in atherosclerotic mice. The results provided proof-of-concept that a therapeutic antibody targeting PC might represent an approach to inhibit the atherogenic impact of OxPLs.**TRANSLATIONAL OUTLOOK:** The noninvasive imaging techniques represent translational tools to assess the effects of PC-targeted therapy on coronary artery function and atherosclerosis and appear to be possible surrogate markers for the efficacy of this therapy in clinical studies.
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For expanded Methods and Results sections and supplemental tables and figures, please see the online version of this paper.

[^1]: Values are mean ± SD.

[^2]: One-way analysis of variance with Dunnett\'s post-hoc test.

[^3]: ApoB = apolipoprotein-B; F = female; HDL = high-density lipoprotein; LDL = low-density lipoprotein; LDLR = low-density lipoprotein receptor; M = male.

[^4]: p \< 0.01 vs. week 0.
